Prostaglandin-E2 receptors in the rat kidney: Biochemical character. ization and localization. A radiohistochemical technique yielding data on the distribution and characteristics of PGE2-receptor binding in tissue sections is described. The binding of tntiated PGE2 (3H-PGE2) to slide-mounted tissue sections had all the characteristics associated with ligand-receptor interactions: it was saturable, of high affinity and displayed high specificity for PGE2 binding. From the binding curves a Hill coefficient of 1.1 was calculated which suggests the presence of a homogenous receptor population. Pretreatment with indomethacin for four days resulted in a 66% increase in maximal binding capacity (Bma,,) without any change in affinity. The distribution of receptor was mapped in rats with and without indomethacin pretreatment and compared to the distribution of Tamm-Horsfall glycoprotein, a specific marker for the thick ascending limb of Henle. In both groups the PGE2 receptor showed striking regional variation. In the untreated group the distribution of PGE2 receptors was similar to that of the thick ascending limb of Henle, with maximal density in the outer medullary zone. After indomethacin pretreatment, however, a striking increase in inner medullary binding was observed together with increased binding in the cortex. Thus, in accordance with the main action of PGE2 being regulation of renal water and sodium excretion, we found the highest receptor density in areas of the kidney dominated by the thick ascending limb of Henle and collecting tubules, and much less binding to glomeruli and cortical vessels. In order to investigate characteristics and distribution of PGE2 receptor binding, however, it was mandatory that endogenous prostanoid synthesis is blocked.
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Prostaglandins are synthesized in the kidney [1, 2] and participate in the regulation of sodium and water transport [3] [4] [5] [6] [7] [8] and renal blood flow [8] [9] [10] .
Biosynthesis of prostanoids has been demonstrated in gbmeruli, cortical arterioles, and the thick ascending limb of Henle, collecting tubules and medullary interstitial cells; PGE2 is by far the most important prostanoid produced [11, 12] . Using rat kidney homogenates and microdissection techniques Limas and Limas [13] found that the density of PGE2 receptors was double that of PGE1 and fivefold higher than PGF2a. The highest density of PGE2 receptors was found in the outer medulla, while receptors in the inner medulla and cortex were present at much lower concentrations. In another microdissection study [14] , however, only the thin ascending limb of Henle and cortical collecting tubules were found to respond with increases in cAMP after PGE2 stimulation.
In order to further characterize the localization and binding kinetics of the PGE2 receptor in situ we employed a recently developed radiohistochemical technique for simultaneous characterization of ligand-receptor interactions and mapping of receptor localization in tissue sections. The method is much less laborious and permits more detailed mapping of binding sites than microdissection techniques.
Methods
Tissue preparation Male Wistar rats (weight 200 to 250 g) were divided into two groups. One group was given indomethacin (Dumex, Copenhagen) in the drinking water (30 ig/ml equal to a mean dose of 4 mg/kg/day) over a period of four days [15] . The control group was given drinking water without indomethacin. After four days the weight of the indomethacin treated rats was significantly reduced (235 g versus 265 g, P < 0.05).
The rats (200 to 250 g) were anaesthetized with diethylether and subsequently transcardially perfused with 40 to 60 ml saline (4°C) followed by 200 to 250 ml of 0.2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.3 (4°C). This mild fixation improved histology without having adverse effects on PGE2 binding (maximal binding capacity (Bmax) of tissue sections was the same in fixed and unfixed rats). The kidneys were sliced in the sagittal or horizontal plane, and the slices were frozen in melting Freon-22 and stored at -80°C. The kidney slices were mounted on cryostat pedestals with embedding matrix (Tissue Tek II, Miles Laboratories, Inc., Elkhart, Indiana, USA), and subsequently 10 tm thick sections were cut on a cryostat at -20°C. The sections were thaw-mounted onto gelatinized slides and stored at -20°C. After mounting the sections could be stored for two weeks without any loss in receptor binding.
Receptor binding
The radiohistochemical technique originally described by Young and Kuhar [16] for characterization and localization of receptors in tissue sections was adopted with some modifications [15] . The fixed and slide-mounted sections were brought to room temperature. The sections were then incubated with varying concentrations (0.4 to 10 nM) of 3H-PGE2 (110 Ci/mol) (New England Nuclear, Boston, Massachusetts, USA) in 10 mM Hepes buffer (pH 7.4) containing the following substances (concentrations in nM): NaC1 135, KC1 4.8, MgSO4 1.7, CaCl2, NaHPO4 1.0 and BSA 0.5%.
In order to determine the non-specific binding, adjacent sections were incubated in the same solution containing an excess of I /LM unlabeled PGE2 (Sigma, St. Louis, Missouri, USA). At equilibrium, free tracer was separated from tissue-bound tracer by three consecutive five-minute washes in ice-cold 0.9% saline. For autoradiography the sections were vacuum dried overnight at 4°C to ensure complete dryness. For biochemical experiments the sections were wiped off the slides with a scalpel onto Whatman GF/c glass fiber filter discs, 2.4 cm in diameter. The filters were placed in scintillation vials, 5 ml of LUMAGEL (Lumac Systems AG, Basel, Switzerland) were added and counting performed in an LKB liquid scintillation spectrophotometer. Non-specific binding was 6 to 10% of total binding at a 3H-PGE2 concentration of 1 flM. Specific binding was taken as the difference between total and nonspecific binding. All samples were run in duplicate and repeated at least three times.
Auroradiography
The in vitro autoradiographic technique described earlier by Stengaard-Pedersen [15] was employed for localization of PGE2 receptors. Using safelight conditions in the darkroom, the slide-mounted and labeled sections were apposed to a sheet of Ultrofilm-3H (LKB, Finland) and stored for four to six weeks at -20°C in light-tight boxes and finally developed in a Kodak D-19 developer. Thereafter sections were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer and stained with hematoxylin-eosin for histological studies.
Immunocytochemistry
Rats were anesthetized with diethylether and perfusion-fixed with 4% paraformaldehyde as described previously [15] . Frontal kidney slices were prepared for cryostat sectioning and immunocytochemically stained [17, 18] with anti-TammHorsfall glycoprotein antiserum in order to visualize the thick ascending limb of Henle [19, 201 . The antiserum, obtained commercially from Behringwerke (Marburg, FRG), was raised in rabbits against oromucoid and, according to the manufacturers instruction, used at a dilution of 1:200. The site of the antigen-antibody reaction was visualized by the peroxidase-antiperoxidase procedure of Sternberger [18] or by indirect autoradiographic technique using '251-labeled anti-rabbit IgG (Statens Bakteriologiska Laboratorium, Stockholm, Sweden) [21] . Conventional staining controls were employed [17] . The antiserum has been characterized in detail previously and shown to react specifically with the Tamm-Horsfall glycoprotein located in the thick ascending limb of the loop of Henle [19] . Section area was estimated with a computerized digitizer (Videoplan', Kontron, FRG).
Analysis of binding data PGE2 binding to receptors in the tissue sections was analyzed according to standard equations [22] . The calculations were performed on a Tektronic 4052 minicomputer using a series of BASIC programs [23] . This program allowed determination of the total number of binding sites (Bma,j. The dissociation constant (Kd) and an index of binding heterogeneity (a) using non-linear regression analysis of the direct binding plot and linear regression analysis of double reciprocal plots, Scatchard plots and Hill plots.
Results
Biochemical characterization of PGE2 receptors Time course. Slide-mounted kidney sections were incubated with 3H-PGE2 (1 nM) in Hepes buffer with and without I sM unlabeled PGE2 at 20°C. The incubation was stopped at different time intervals and the specific binding of 3H-PGE2 to the kidney sections was determined as described in Methods.
Binding equilibrium was reached within 30 minutes, and steady state was preserved for an additional period of at least 60 minutes (Fig. 1) .
Capacity and affinity of 3H-PGE2 binding sites. Slidemounted kidney sections were incubated with increasing concentrations (0.5 to 5 nM) of 3H-PGE2 to determine the binding isotherm (Fig. 2) . Binding parameters (Table 1) were also estimated by linear transforms of the general binding algorithm, according to the equations for double reciprocal plot, Scatchard plot and Hill plot. The maximal binding capacity (Bmax) ranged between 2.1 and 3.2 fmol/cm2 tissue section, the dissociation constant (Kd) was determined to be 1.4 to 3.3 n, an the Hill coefficient was estimated to be 1.1
Specificity of 3H-PGE2 binding sites. Slide-mounted kidney sections were incubated with 3H-PGE2 (0.4 nM) either alone or with increasing amounts of various unlabeled prostanoids. Figure 3 shows the displacement profiles obtained for PGE2 (0.5 flM to 1 tLM), PGF2, (1 flM to 10 isM) and arachidonic acid (1 nM to 10 .LM) (Fig. 3) . The affinities for PGF2a and arachidonic acid were 20 and 500 times weaker than that of unlabeled PGE2. Other compounds, which were completely unrelated to prosta- Abbreviations are: Bmax, total number of moles ligand that can be bound per slice (= saturation of PGE2-receptors); K, dissociation constant; a, index of binding heterogeneity; SD, standard deviation for curve fitting; and r, correlation coefficient. homogenous labeling of 3H-PGE2 binding sites was detected, whereas the inner medulla was devoid of 3H-PGE2 binding sites. Except for the non-labeled cortex corticles, the cortical distribution of 3H-PGE2 binding sites displayed a pattern of streaks radiating down towards the medulla. The sections used for autoradiography were stained with hematoxylin-eosin for morphological identification of different parts of the nephron, the collecting tubules, glomerulus, etc. Altogether these data pointed towards the thick ascending lumb of the loop of Henle being the structure with the highest number of PGE2 receptors (Fig. 4) . For further support of this notion, the immunoreactivity for Tamm-Horsfall glycoprotein, a well known specific marker for the thick ascending limb of Henle [19, 20] , displayed a distribution pattern almost identical to that of 3H-PGE2 binding sites (Fig. 4) . No, or only very few, PGE2 receptors could be demonstrated in the inner medullary area, indicating that no, or only sparse, amounts of PGE2 receptors were located in the collecting tubules, thin limbs of the loop of Henle and blood vessels occupying this zone.
Results obtained in indomethacin-treated rats (Fig. 5) . When compared to Figure 4 , a striking increase in inner medullary binding sites was seen in the indomethacin treated animals. The grain count over the thick ascending loop of Henle also increased, and binding sites in glomeruli and medullary vessels were more clearly visualized. Free ligand concentration, flM noids (catecholamines, steroids, enkephalins) had no effect on 3H-PGE2 binding to rat kidney tissue sections. The amount of 3H-PGE2 specifically bound was unaffected by the thickness of the sections, whereas a directly proportional increase with section area could be demonstrated. We therefore chose to express the binding capacity as femtomoles bound per unit area. Inhibition of endogenous prostanoid synthesis with indomethacin over a period of four days resulted in 66% increase in Bmax; Kd remained unchanged (Table 2 ).
In vitro autoradiographic localization of PGE2 receptors. Results obtained in rats without indomethacin pretreatment (Fig. 4) . Throughout the outer medullary zone a dense and
The binding of 3H-PGE2 to lightly formaldehyde-fixed and slide-mounted rat kidney sections had characteristics similar to previously reported data obtained in kidney homogenates [13, 24] , blood cells [25, 26] , fat cells [27] , corpus luteum [28] and thyroid membranes [29] . The binding was saturable, reversible and specific. The heterogeneity index (a) and the Hill coefficients calculated ranged between 1.0 and 1.1 which indicates the presence of a homogenous receptor population.
The fact that the specific binding was independent of section thickness but directly proportional to the section surface indicates that 3H-PGE2 only interacted with receptors on the 0,,-. (A,B,C,F) . The antigen-antibody reaction was visualized by '251-labeled sheep anti-rabbit IgG and autoradiography (A, saggital section; B, transverse section), or by peroxidase-antiperoxidase technique and light microscopy (C,F). Immunoreactivity is noted in structures located to the outer medullary zone and extending into the medullary rays of the cortex (A,B,C). Detailed analysis of the framed area in Figure  4C is shown in (F). Note that the immunoreactivity for Tamm-Horsfall glycoprotein is located to the distal straight tubules (DTR), whereas the proximal straight tubules (PTR) and the collecting ducts (CD) are unstained. By in vitro autoradiographic technique a homogenous population of chemically well-characterized PGE2-receptors were localized in rat kidney sections. Moreover, note that the distribution pattern of PGE2-receptors is almost identical to the localization of Tamm-Horsfall glycoprotein (compare A-D and B-E), an indication that most PGE2-receptors, like Tamm-Horsfail glycoprotein, reside in the thick ascending limb of Henle.
section surface. This is in contrast to other ligand-receptor More than 90% of the 3H binding to rat kidney sections was systems, where penetration of ligand into the section has been specific. Thus, such sections were suitable for visualization of demonstrated [161. Noting the PGE2 receptor interaction as a the distribution of PGE2 receptors. Morphological analysis of surface phenomenon, we chose to express receptor binding as autoradiograms revealed that unoccupied receptors were lofrnol per unit section area (cm2).
cated preferentially to a kidney substructure displaying a radi- Table  2 , and binding sites in the cortex (glomeruli and cortical vessels) and inner medulla (mainly collecting tubules) are visible. Note the striking increase of inner medullary binding sites (compare Fig. SA and Fig. 4D ). [18, 19] . Thus the majority of unoccupied PGE2 receptors were localized to the thick ascending limb of Henle. After pretreatment with indomethacin the distribution pattern changed, however. Total receptor binding increased as shown in Table 2 , and the autoradiograrns revealed that the largest increase occurred in the inner medulla with a smaller increase in cortical binding sites (glomeruli and blood vessels). These findings are similar to those reported by Limas and Limas [13] using rat kidney homogenates. After indomethacin pretreatment they also found increased total receptor binding with the largest increase occurring in the inner medulla. The fact that the increase in inner medullary receptor binding occurred after blockade of endogenous prostaglandin synthesis suggests increased receptor occupancy with endogenous ligand and/or receptor upregulation in that area. The inner medulla has the highest local production of PGE2 [12] , which would suggest increased receptor occupancy being the cause. With the data available, however, upregulation of receptors in response to low PGE2 levels cannot be ruled out. These findings indicate, however, that this method demands blockade of endogenous prostaglandin production before total binding capacity and distribution of renal prostaglandin receptors can be determined.
The data obtained in this study indicate, in accordance with the findings of Limas and Limas, that the largest density of PGE2 receptors reside on the thick ascending limb of the loop of Henle and collecting tubules. This localization is in keeping with the main effects of prostaglandins being exerted on renal handling of sodium and water [3] [4] [5] [6] [7] . Lower densities of binding sites were, however, also demonstrable in the cortex, in accordance with the effects of prostanoids on cortical blood flow [8] [9] [10] and glomerular function [30] .
The technique described is easy to use and much less laborious than microdissection studies. Moreover, a more detailed mapping of receptor sites is possible, and minimal handling of tissue elements is secured. These properties make this method ideal for further studies on the regulation of renal prostaglandin receptors. 
